Polymer strip films have emerged as a robust platform for poorly water-soluble drug delivery. However, the common conception is that films cannot exceed low drug loadings, mainly due to poor drug stability, slow release, and film brittleness. This study explores the ability to achieve high loadings of poorly water-soluble drug nanoparticles in strip films while retaining good mechanical properties and enhanced dissolution rate. Aqueous suspensions containing up to 30 wt % griseofulvin nanoparticles were prepared via wet stirred media milling and incorporated into hydroxypropyl methylcellulose (HPMC) films. Griseofulvin loading in films was adjusted to be between 9-49 wt% in HPMC-E15 films and 30-73 wt% in HPMC-E4M films by varying the mixing ratio of HPMC solution-to-griseofulvin suspension. All films exhibited good content uniformity and nanoparticle redispersibility up to 50 wt% griseofulvin, while E4M films above 50 wt% griseofulvin had slightly worse content uniformity and poor nanoparticle redispersibility. Increasing drug loading in films generally required more time to achieve 100% release during dissolution, although polymer-drug clusters dispersed from E4M films above 50 wt% griseofulvin, resulting in similar dissolution profiles. While all films exhibited good tensile strength, a significant decrease in percent elongation was observed above 40-50 wt% GF, resulting in brittle films.
Introduction
With an increasing abundance of new chemical entities in pharmaceutical development classified as poorly water-soluble, there has been an increasing demand for new and innovative drug delivery forms. One such format that has gained recent attention for its robustness and versatility is polymer strip films thanks to faster disintegration and dissolution in the oral cavity, improved patient compliance (Dixit and Puthli, 2009) , and ease of continuous manufacturing (Hoffmann et al., 2011) . Although best known for ease of incorporation of water-soluble drugs (Dixit and Puthli, 2009) , particularly among films currently on the market (Borges et al., 2015a) , recent work has explored a variety of means of incorporating poorly water-soluble drug into polymer strip films. One such method, hot melt extrusion, involves melting polymer, plasticizer, and drug together, and pumping the molten mixture through a die (Prodduturi et al., 2005) . Another method, solvent casting, involves dissolving the poorly water-soluble drug in an organic solvent, mixing with polymer solution, and removing the solvent upon drying (Kumar et al., 2014; Visser et al., 2015) . Various particle engineering techniques have also been employed to improve poorly water-soluble drug dissolution rate for incorporation into strip films. These include wet stirred media milling (WSMM) (Davé et al., 2014; Krull et al., 2017; Krull et al., 2016a; Krull et al., 2016b; Krull et al., 2015; Sievens-Figueroa et al., 2012a; Susarla et al., 2015; Susarla et al., 2013) and high pressure homogenization (Lai et al., 2015; Shen et al., 2013) to reduce drug particle size, as well as liquid antisolvent precipitation (Beck et al., 2013) and melt emulsification (Bhakay et al., 2016) to produce drug nanoparticles via bottom-up approach. However, one perceived limitation shared by all means of incorporating poorly water-soluble drug into films is the existence of an inherent limitation on drug loading (Borges et al., 2015b; Dixit and Puthli, 2009; Hoffmann et al., 2011) .
While high drug loading in films is already difficult to achieve due to their small size, the means of incorporating drug into films can impose even greater limitations. Since a traditional strip film dosage only contains a fraction of the total mass of a typical tablet or pill, the amount of drug that can be conceivably loaded into a traditional strip film dosage cannot practically match the dosages available in tablets and capsules. In addition, the standard techniques by which poorly water-soluble drugs are incorporated into strip films further restrict the amount of drug that can be loaded into a film dosage, typically up to 30 wt%. In hot melt extruded films, the dissolution rate enhancement of the drug hinges on the stability of the amorphous solid dispersion during cooling and storage. This becomes increasingly difficult with increasing drug loading, resulting in uncontrolled crystallization if the drug loading is too high (Serajuddin, 1999) . Similarly, organic solvent casting relies on the stability of drug in the amorphous form, specifically after the solvent in which the drug is dissolved is driven out of the film during drying. If the drug loading in solvent cast films is too high, they too will experience uncontrolled drug crystallization, resulting in a loss of drug dissolution rate enhancement (Hoffmann et al., 2011) . Coupled with a drug delivery platform that is already limited in total mass per unit dosage, these additional restrictions on drug loading have made achieving even moderate dosages in strip films a significant challenge.
Inclusion of engineered drug particles into strip films over the last few years has revealed the potential for higher drug loading in films, although the subject has yet to be fully explored. The majority of work in this area has either focused on establishing a means of particle engineering that is suitable for incorporation into the film platform (Beck et al., 2013; Bhakay et al., 2016; Krull et al., 2015; Prodduturi et al., 2005; Sievens-Figueroa et al., 2012a; Visser et al., 2015) or the impact of critical material attributes (CMAs) on their performance (Krull et al., 2016a; Krull et al., 2016b; Susarla et al., 2015) . In most cases, drug loading in films was kept below 20 wt% with none above 30 wt%, presumably to avoid potential confounding influences of high drug loading on other experimental factors under investigation. Woertz and Kleinebudde (2015) claimed to have prepared "acceptable films" with as high as 50 mg of homogenized ibuprofen in a 6 cm 2 dosage, but neglected to demonstrate acceptable mechanical properties or dissolution rates for their films. Steiner et al. (2016) demonstrated HPMC films with up to 45 wt% WSMM naproxen nanoparticles that exhibited "good" mechanical properties, above which films became too stiff for practical application, although they did not investigate dissolution rate. Krull et al. (2017) mentioned the potential for higher drug loading (40 wt%) in films containing WSMM griseofulvin nanoparticles prepared with high molecular weight polymer in passing when investigating the impact of polymer molecular weight. However, to this point, no study has been able to demonstrate good mechanical properties and enhanced poorly water-soluble drug dissolution rate of strip films with high (> 40 wt%) drug loading.
The objective of this work is to investigate the effect of high loadings of poorly watersoluble drugs on polymer strip films. Aqueous suspensions of griseofulvin nanoparticles were mixed with hydroxypropyl methylcellulose solution, cast and dried to form griseofulvin nanoparticle-loaded films. These films were then characterized for drug nanoparticle redispersibility, drug content and uniformity, film mechanical properties, drug dissolution rate, moisture content, and stability. Through this work, the ability to achieve high loadings of poorly water-soluble drug nanoparticles in strip films while retaining good mechanical properties and enhanced dissolution rate is explored.
Materials and methods

Materials
Griseofulvin (GF; Letco Medical, Decatur, AL) was used as a model Biopharmaceutics Classification System (BCS) class II drug. Hydroxypropyl methylcellulose (HPMC; Methocel E15 Premium LV, MW ~14 kDa, and Methocel E4M Premium, MW ~88 kDa; The Dow Chemical Company, Midland, MI) served as the film-forming polymer. HPMC-E15LV also served as a nanoparticle stabilizer in suspension, along with the surfactant sodium dodecyl sulfate (SDS; Fisher Scientific, Pittsburgh, PA). Glycerin (Sigma-Aldrich, St. Louis, MO) was used as a film plasticizer. GF particle size reduction was performed by wet stirred media milling (WSMM) according to Section 2.2.1. All other materials were used without further processing.
Preparation methods
2.2.1 Preparation of GF nanosuspensions-GF nanosuspensions were prepared via wet stirred media milling (WSMM) using a Netzsch mill (Microcer, Fine particle technology LLC, Exton, PA). The 80 ml milling chamber was lined with zirconia. A peristaltic pump was used to recirculate the suspension between a holding tank and the milling chamber. A 200 μm screen was used to confine the yttrium-stabilized zirconia beads (430 μm median size; Zirmil Y, Saint Gobain ZirPro, Mountainside, NJ) inside the milling chamber while allowing passage of the drug suspension.
The methods and stabilizer concentrations used were selected according to previous optimization studies (Bilgili and Afolabi, 2012; Monteiro et al., 2013) . Feed suspensions consisted of 10%, 20%, or 30% GF dispersed in a stabilizer solution of 2.5% HPMC-E15LV and 0.5% SDS (all w/w wrt water). The feed suspensions were prepared by adding stabilizer and GF to 200 ml batches of deionized water using an overhead shear mixer (Cat# 14-503, Fisher Scientific, Pittsburgh, PA) running at a fixed speed of 300 rpm. 1 g of SDS was added over 5 min and left stirring for 10 min. Then, 5 g of HPMC-E15LV was added over 15 min and left mixing for 30 min. Finally, respective amounts of GF (20 g, 40 g, and 60 g for 10%, 20%, and 30% suspensions, respectively) were added over 15 min and left mixing for 30 min. The feed suspensions were poured into the holding tank and milled under identical conditions: 50 ml bead loading, 126 ml/min suspension flow rate, and 3200 rpm stirrer (rotor) speed, corresponding to a tip speed of 11.7 m/s. The milling chamber and holding tank were both equipped with a cooling system (model number M1-.25A-11HFX, Advantage Engineering, Greenwood, IN) to keep the suspension below 35 °C in the holding tank. All three suspensions were milled for 120 min.
Preparation of polymer solutions and film precursor suspensions-
Formulations for film-forming polymer solutions and film precursor suspensions are listed in Table 1 . Polymer and plasticizer concentrations for polymer solutions were selected in such a way that all resulting film precursor formulations would be castable but not spread during drying (target viscosity range of 5000-12,000 cP). This was accomplished using a viscosity matching approach for polymer solution preparation outlined by Krull et al. (2017) for E15 and E4M polymer solutions, represented by 0's in Table 1 . Polymer solutions were prepared by adding the appropriate amounts of HPMC and plasticizer to water at 90 °C, after which the resulting suspension was allowed to cool to room temperature under continuous magnetic stirring to form a polymer solution. Polymer solutions were mixed with GF nanosuspensions using a Thinky ARE-310 planetary centrifugal mixer (Thinky, Laguna Hills, CA) at 2000 rpm for 30 s, followed by 7 min of deaeration at 2200 rpm, to form film precursor suspensions. If bubbles were still present in the precursor suspension after mixing, the precursor was left overnight to settle before casting.
Drug loadings in film precursor suspensions were adjusted by varying the drug concentration in WSMM nanosuspensions and polymer-to-nanosuspension mixing ratios (Table 1 ). This combination of factors was necessary in order to ensure the resulting film precursor suspensions were within the castable viscosity range. E15 formulations were designed to achieve the following target GF loadings in their respective dry films: 10 wt% for 15-1.2, 20 wt% for 15-2.5 and 15-3.3, 35 wt% for 15-5.4 and 15-6.0, and 50 wt% for 15-8.6. Similar drug loadings for 15-2.5/15-3.3 and 15-5.4/15-6.0 were chosen to observe the effects, if any, of adding GF nanoparticles from WSMM suspensions with different drug concentrations. Polymer-to-nanosuspension ratios were kept the same across both E15 and E4M formulations for ease of comparison. 4M-8.6 produced films that were too brittle for testing and were excluded from analysis.
2.2.3
Preparation of GF nanoparticle-laden films-9-10 g of film precursor suspension was manually cast onto a stainless steel substrate with a doctor blade (Elcometer, MI) at a fixed 1000 μm thickness. Wet films were then dried in the convective zone of a LabCast Model TC-71LC Tape Caster (HED International, NJ) in batch mode at 50 °C under laminar air flow for a period of 1 h (Davé et al., 2014) . The films were peeled from the substrate after drying and stored in individual sealed plastic bags for characterization.
Characterization methods
2.3.1 Particle size measurements-GF particle size distributions were measured both in suspension immediately after milling and following redispersion from films utilizing a Coulter LS 13320 Laser Diffraction Particle Size Analyzer (Beckman Coulter, Miami, FL) employing a polarized intensity differential scattering (PIDS) obscuration water optical model. The PIDS was maintained between 40-50% and obscuration was maintained below 8%. Mie scattering theory was used to calculate particle size distributions. Suspension samples for particle size after milling were prepared by removing a 1.2 ml sample from the holding tank of the mill, dispersing the sample into 4 ml of stabilizer solution (2.5% HPMC-E15LV and 0.5% SDS, both w/w wrt water) via pipette, and vortex mixing for 1 min at 1500 rpm.
In order to evaluate the ability to recover GF nanoparticles from films upon delivery, redispersion samples to determine GF particle size after incorporation into dry films were prepared by dispersing three circular film punches ~0.7 cm 2 in area into 3 ml of deionized water, followed by 3-5 min of vortex mixing at 1500 rpm. These samples were then subjected to the same particle size analysis as the milled suspension samples.
GF content and uniformity in films-
Ten circular samples ~0.7 cm 2 in area were removed from random points throughout each film and dissolved in 250 ml of 5.4 mg/ml SDS solution under continuous stirring for a minimum of 3 h. Despite being roughly 1/10 th the size of a traditional film dosage, this smaller size was used to help elucidate differences in uniformity between film formulations. The UV absorbance of each sample at the wavelength of maximum absorbance for GF (291 nm) was then measured using a Thermo Scientific Evolution 300 UV-Vis spectrophotometer (Thermo Fisher Scientific Inc., MA). The concentrations of the respective samples were calculated via calibration curve. Content uniformity results are expressed as average GF weight per unit area of film and average weight percentage of GF in the film over ten samples.
Film mechanical properties-Film
mechanical properties were measured using a TA-XT Plus Texture Analyzer (Stable Microsystems, UK). Rectangular film strips with dimensions of 50 mm × 15 mm were held between two grips and stretched at a constant speed of 1 mm/s until the point of tensile failure. Tensile strength (TS), yield strength (YS), Young's modulus (YM), and percent elongation at break (EB) were computed from the resulting stress vs. strain data. Data represents an average of four strips.
2.3.4 Dissolution-Dissolution experiments were performed using a flow-through cell dissolution apparatus (USP IV; Sotax, Switzerland) with cells of 22.6 mm internal diameter and 0.2 μm Pall HT Tuffryn filters (Sievens-Figueroa et al., 2012b) . Dissolution samples were automatically measured in-line every two minutes by the same Thermo Scientific Evolution 300 UV-Vis spectrophotometer (Thermo Fisher Scientific Inc., MA, USA) used for determination of drug content and uniformity in films (Section 2.3.2). One circular film sample ~0.7 cm 2 in area was horizontally secured within the 5 g of 1 mm glass beads at the bottom of each cell (3 g below the film and 2 g above). 100 ml of 5.4 mg/ml SDS solution was circulated through each cell at a flow rate of 16 ml/min and a constant temperature of 37 ± 0.5 °C. These dissolution protocols were selected for their discriminatory power demonstrated in previous work between films containing nanoparticles, films containing microparticles, and compacted powders (Beck et al., 2013; Bhakay et al., 2016; SievensFigueroa et al., 2012b) . Dissolution results are reported as percentage GF released as a function of time for an average of six samples from each film. Percentage GF released was calculated based on the expected drug loading in each sample from the drug content assessment performed for each film formulation (Section 2.3.2), taking into consideration the weight of each individual film sample.
2.3.5 Thermogravimetric analysis (TGA)-TGA was performed using a TGA/ DSC1/SF STAR e system (Mettler Toledo, Inc., Columbus, OH, USA). A ~4 mg film sample was placed in a ceramic crucible and heated under nitrogen flow from 25 °C to 150 °C at a constant rate of 10 °C/min, held at 150 °C for 15 min, heated to 250 °C at a rate of 10 °C/ min, and finally cooled back to 25 °C at a rate of −10 °C/min.
X-ray diffraction (XRD)-
The crystallinity GF in dried GF suspensions before and after milling as well as select films was assessed using X-ray diffraction (XRD; PANalytical, Westborough, MA, USA), using Cu Kα radiation (λ=1.5406 Å). The samples were scanned for 2θ ranging from 5° to 40° at a scan rate of 0.165 s −1 .
2.3.7
Long-term stability of films-Films designated for long-term stability study were stored in a MicroClimate benchtop climate chamber (Cincinnati Sub-Zero, Cincinnati, OH) at 40 °C and 75% relative humidity (RH). Following 3 and 6 months of storage under these conditions, films were subjected to redispersion and dissolution tests as outlined in Sections 2.3.1 and 2.3.4, respectively.
2.3.8 Statistical analysis-Basic calculations were performed using Microsoft Excel ® (Microsoft Office 2010). Analysis of variance (ANOVA) and Tukey pairwise comparisons (two-tailed t-tests) were performed using Minitab ® (Minitab 17.3.1). Results for viscosity, mechanical properties, and dissolution profiles are expressed as mean ± SD (standard deviation) while content uniformity results are expressed as mean with RSD% (relative standard deviation). Dissolution profiles were compared using similarity and difference factors (Boateng et al., 2012; Costa and Lobo, 2001 ).
Results and discussion
Drug particle size after milling and redispersed from films
Since poorly water-soluble drug particles naturally exhibit slow dissolution rates, it is critical that the WSMM nanoparticles do not aggregate upon incorporation into or delivery from films as their enhanced dissolution rate would be lost. In order to investigate the ability of the film format to stabilize and deliver poorly water soluble drug nanoparticles, even with high drug loading, films were tested for nanoparticle redispersibility in water, and the size distributions of the GF particles redispersed from films were compared to those of the nanosuspensions from which the GF nanoparticles were originally taken. Redispersion tests were performed on all films on the day of preparation, as well as after 3 and 6 months of storage under stress conditions (40 °C, 75% RH) to assess long-term stability (stability results discussed in Section 3.7). Particle size distribution results, reported as 10%, 50% (median), and 90% passing sizes (d 10 , d 50 , and d 90 , respectively), are shown in Fig. 1 , organized by the WSMM suspension from which the films were prepared. Exact median GF particle sizes are listed in Supplementary Material.
The size of the original GF nanoparticles (d 50 between 150-165 nm) was recovered from all HPMC-E15 films with all d 50 values < 200 nm. The same nanoparticle redispersibility was observed in HPMC-E4M films up to about 50 wt% drug loading (4M-2.5), above which original nanoparticle size could no longer be immediately recovered upon redispersion in water. In fact, coarse drug-polymer agglomerates or clusters were visible by the naked eye during redispersion tests for 4M-3.3, 44-5.4, and 4M-6.0 films (d 50 values of 205 nm, 44.7 μm and 652 μm, respectively), appearing as undissolved film clusters after the film had physically broken apart during vortex mixing, rather than appearing to grow from suspended particles. However, as seen in the cross sectional SEM images (see Supplementary Material), the GF nanoparticles were finely dispersed and stabilized within all films, including E4M films and films with high drug loading. Therefore, it is likely that the existence and slow dissolution of these drug-polymer agglomerates was due to interactions between the GF nanoparticles and HPMC-E4M during redispersion, rather than GF nanoparticle aggregation during film formation. Although by a different mechanism (flocculation), similar behavior was reported by Wong and Bodmeier (1996) in ethyl cellulose dispersions with HPMC. They observed flocculation at lower HPMC concentrations in dispersions with higher molecular weight HPMC and higher poorly water-soluble solids content (ethyl cellulose), similar to how drug-polymer agglomerates were only observed upon redispersion from high molecular weight HPMC films (E4M) above a certain GF loading (> 50 wt%) in this study. That said, sub-200 nm GF particles were successfully recovered from all films with GF loadings as high as 50 wt%, demonstrating the ability to physically stabilize and deliver poorly water-soluble drug nanoparticles in polymer films with high drug loading.
GF content and uniformity in films
Content uniformity tests were performed on all films in order to assess their drug content and uniformity. These results, described here and shown in Supplementary Material, are expressed in terms of film thickness, mass of GF per unit area, and GF loading by wt%. In spite of using a small sample size (roughly 1/10 th the size of a typical dose) to better elucidate potential differences between films, all HPMC-E15 films exhibited very good uniformity in terms of wt% GF (< 1% RSD) and mg GF/cm 2 (most ~3% RSD). HPMC-E4M films, on the other hand, exhibited greater variability for both (~2% RSD and ~5% RSD, respectively), due in part to their decreased thickness. These results demonstrate the ability to achieve good content uniformity in films with high drug nanoparticle loading. Although all films were cast to be 1000 μm thick before drying, precursor suspensions had varying water concentrations (Table 1) , the majority of which was lost upon drying. These differences resulted in thinner films for precursors with higher starting water concentrations, as they had less solids content (Krull et al., 2017) . Consequently, although E15 and E4M precursors of the same number (e.g. 15-1.2 and 4M-1.2) contained roughly the same concentration of GF nanoparticles before drying, greater mass loss during drying drove up the percentage of GF remaining in the E4M films (despite still having the same loading by mass per unit area).
Film mechanical properties
TS, YS, YM, and EB were measured for each film, with the exception of 4M-6.0 which was too brittle for texture analysis. As can be seen in Table 2 , films generally exhibited TS between 35-45 MPa and YS between 30-40 MPa, demonstrating good mechanical strength regardless of GF nanoparticle loading. There was no observable trend in YM for E15 films with increasing GF nanoparticle loading, while YM appeared to increase significantly in E4M films prepared by suspensions with lower polymer-to-nanosuspension mixing ratios (Table 1) , indicating increasing stiffness. EB decreased dramatically with increasing drug nanoparticle loading above ~40 wt% GF. It is no surprise that one of the greatest challenges posed by high drug loading in films is simultaneously maintaining good mechanical properties for manufacture and patient compliance. Typically, film-forming polymer mass must be reduced to account for higher drug loading, reducing the integrity of the resulting film matrix. Although there are currently no fixed guidelines regarding acceptable mechanical properties of pharmaceutical films (Hoffmann et al., 2011) , the brittleness of high drug loading films which exhibited EB < 5% was readily apparent as they were being handled. Steiner et al. (2016) also observed brittleness in poorly water-soluble drug nanoparticle-loaded films with similarly high drug loading using a lower molecular weight grade of HPMC as film-forming polymer. Although it may be possible to push the maximum drug particle loading in films above 45-50 wt% while maintaining acceptable film mechanical properties with more thorough formulation development, such as modulation of plasticizer content (Krull et al., 2016b) , these results suggest that film brittleness is a major hurdle to overcome to achieve higher drug particle loadings in strip films for practical use.
When comparing directly between HPMC molecular weights for films with the same drug loading by mass (e.g. 15-1.2 and 4M-1.2), the observed trends are in line with those presented in previous work which also incorporated a polymer solution viscosity matching approach (Krull et al., 2017) . There was no statistical difference between the TS or YS of E15 and E4M films for most drug loadings (with the exception of TS for 1.9 films). However, YM was generally lower and EB was generally higher for E15 than for E4M, suggesting that E4M films were more brittle than E15 films. As in the previous study, it is worth noting that E4M polymer solution was prepared using a lower concentration of HPMC to match the viscosity of E15 polymer solution to ensure the precursor was castable. As a result, the lower HPMC concentration (and, consequently, higher GF nanoparticle loading by wt%) in E4M films likely confounded the influence of polymer MW on film mechanical properties.
Dissolution
Dissolution curves for fresh films are shown in Fig. 2 , separated by HPMC molecular weight grade. The extent of drug release relative to the estimated drug content established in Section 3.2 decreased slightly with increasing GF loading, likely due to increasing deviation from sink conditions. There was a clear increasing trend in total release time for both HPMC-E15 and HPMC-E4M films with increasing drug nanoparticle loading up to ~50 wt% GF. Additional time required to achieve 100% drug release may be partially attributed to other factors, including increasing film thickness (Krull et al., 2016a) and varying polymer concentration (Krull et al., 2017) with increasing drug loading (Table 1) . Above 50 wt% GF, however, the dissolution profiles for E4M films 4M-3.3, 4M-5.4, and 4M-6.0 exhibited statistically similar release rates according to similarity and difference factors (Boateng et al., 2012; Costa and Lobo, 2001 ) (see Supplementary material). These films also exhibited poor GF nanoparticle redispersibility (Section 3.1) and polymer-drug agglomerates were visible upon film disintegration during dissolution testing similar to those observed in redispersion tests. It appears likely that, above 50 wt% drug nanoparticle loading, the dissolution of these polymer-drug agglomerates became the controlling drug release mechanism, particularly for high molecular weight polymers, resulting in similar release rates for all E4M films with high drug loading. When directly comparing drug release rates of E15 and E4M films with similar drug loading by mass (e.g. 15-1.2 and 4M-1.2), the higher molecular weight E4M films appear to release more slowly than their E15 counterparts for all drug loadings, in line with the findings of Krull et al. (2017) .
Thermogravimetric analysis (TGA)
Results from TGA are described here and TGA curves for E15 and E4M films can be found in Supplementary Material. All films exhibited significant mass loss up to 110 °C, most likely due to the loss of water. E15 films exhibited the greatest such loss on average (~6.5 wt %) compared to E4M films (~4.0 wt%) despite E15 precursor suspensions having less moisture content than E4M precursor suspensions when cast. In addition, films with higher GF nanoparticle loading generally exhibited less weight loss during this time, suggesting lower moisture content. This may be due to the fact that films with higher GF concentrations exhibit greater overall hydrophobicity, driving out additional moisture during drying, resulting in films with less moisture content. Films with higher GF nanoparticle loading also contained lower concentrations of hydrophilic HPMC, which is expected to retain some moisture even after the film dries, likely resulting in lower moisture content. The significant weight loss after holding at 150 °C for 15 min was most likely due to the loss of the plasticizer glycerin. Relative weight loss between film formulations during this time was generally in line with the plasticizer concentrations in the precursor suspensions (Table 1) .
X-ray diffraction (XRD)
In order to monitor the crystallinity of GF throughout the WSMM and film manufacture processes, XRD diffractograms were measured for as-received GF and HPMC-E15 powder, dried 30% GF suspensions before and after milling, as well as 15-6.0 and 15-8.6 films (Fig.  3) . As can be seen in the diffractograms, the characteristic peaks of crystalline GF were preserved both in suspension before and after milling as well as in the film samples in the absence of broad halos. These results suggest the stability of crystalline GF throughout the milling and film manufacture processes, even in high drug loading formulations.
Long-term stability of films
Redispersion and dissolution tests were performed for all film formulations over the course of six months' storage at 40 °C and 75% RH to simulate the effects of long-term storage on the ability of the film format to preserve drug nanoparticle size and enhanced drug dissolution rate. First, the effect of long-term storage on the ability to recover GF nanoparticles from films via redispersion in water was assessed (Fig. 1) . Aside from order of magnitude increases in the d 90 of a select three films for 3 month samples only (4M-1.2, 15-5.4, 15-6.0), there was no observable impact of long-term storage on GF nanoparticle redispersibility from films. The ability to recover GF nanoparticles after 6 months of storage under stress conditions was demonstrated for all E15 films and E4M films with 50 wt% drug loading or less. Interestingly, long-term storage did not appear to influence the inability to immediately recover GF nanoparticles from E4M films with higher drug loading, as the particle size statistics for such films did not appear to deviate significantly after storage.
Dissolution tests were also performed on films following 0, 3, and 6 months' storage at 40 °C and 75% RH in order to investigate the effect of long-term storage on the drug dissolution rate from films ( Fig. 4 and 5) . Despite slight variations in extent of release due to differences in drug loading between film samples according to Section 3.2, four of six E15 film formulations exhibited similar rates of drug release after 3 and 6 months' storage according to similarity and difference factors (see Supplementary material) while the remaining two formulations, 15-2.5 and 15-6.0, were not drastically different. This suggests that drug release rates from E15 films are relatively stable, even after long-term storage, for a wide range of drug nanoparticle loadings. On the other hand, while E4M films exhibited similar release profiles after 3 months' storage, they appeared to release drug more quickly after 6 months of storage, particularly from high drug loading films for which polymer-drug agglomerates were observed during initial redispersion and dissolution tests. It is possible that prolonged exposure to high humidity weakened the interaction between HPMC-E4M and GF nanoparticles within the film, resulting in faster dissolution of the polymer-drug agglomerates. However, as seen in redispersion tests from the same films, the agglomerates do not dissolve immediately, requiring a short induction time (~10-20 min) before dissolving.
Conclusions
The objective of this work was to investigate the capability of producing strip film dosages containing high loadings of poorly water-soluble drug nanoparticles with good mechanical properties that retain the enhanced dissolution rate of the drug nanoparticles. While drug loadings of 50 wt% and 73 wt% were achieved in HPMC-E15 and E4M films, respectively, films with drug loadings above 40-50 wt% were unacceptably brittle, imposing a practical drug loading limitation for films with good mechanical properties. In addition, undissolved polymer-drug agglomerates were observed upon redispersion and dissolution from E4M films with drug loadings above 50 wt%, severely limiting the ability to recover the embedded GF nanoparticles and retain their enhanced dissolution upon delivery. In spite of these challenges, all film formulations exhibited good content uniformity (6% RSD or less) and were able to preserve the size, morphology, and crystallinity of the GF nanoparticles. These results suggest that the greatest barriers to producing pharmaceutical films with high loadings of poorly water-soluble drug nanoparticles are overcoming poor film mechanical properties and ensuring recovery of the embedded drug nanoparticles, both of which can be conceivably overcome by further formulation development.
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Fig. 4.
Comparison of dissolution profiles for E15 films immediately after film preparation, after 3 months of storage at 40 °C, 75% RH, and after 6 months of storage at 40 °C, 75% RH.
Values are mean ± SD, n = 6. Krull et al. Page 16 Int J Pharm. Author manuscript; available in PMC 2018 May 15.
Fig. 5.
Comparison of dissolution profiles for E4M films immediately after film preparation, after 3 months of storage at 40 °C, 75% RH, and after 6 months of storage at 40 °C, 75% RH.
Values are mean ± SD, n = 6. Table 1 Composition of polymer and film precursor suspensions. 
